The goal of this article was to establish reference ranges of the concentration of trace elements in human serum and to compare these results with those reported by other authors. We describe the sample preparation and measurement conditions that allow the rapid, precise, and accurate determination of Al, As, B, Be, Cd, Co, Cu, Fe, Li, Mn, Mo, Ni, Rb, Se, Sr, and Zn in human serum samples (n = 110) by inductively coupled plasma-mass spectrometry (ICP-MS). Accuracy and precision were determined by analyzing three reconstituted reference serum samples by comparison with other methods and by the standard addition procedure.
INTRODUCTION
The measurement of trace elements is increasingly attracting interest from physicians because deviations in trace element uptake and/or metabolism are known to be related to certain disfunctions. Some trace elements form part of enzymes [e.g., Se in glutathionperoxidase (1) and copper in tyrosinase, ascorbic acid oxidase, cytochrome oxidase, uricase, and superoxid dismutase]. Others are involved in the synthesis of hormones [e.g., Se in the formation of trijodothyronin (1, 2) ]. Some trace elements are known to be associated with certain diseases if they are present in the body in abnormally low concentrations: Hemolytic anemias can develop in Zn deficiency and some form of coronary heart diseases are associated with Cu and Zn deficiency (3) . Molybdenum is the coenzyme of different enzymes (xanthine oxidase, aldehyde oxidase, and sulfite oxidase) involved in the detoxification of xenobiotic compounds (4) . Selenium and zinc are potent antioxidants involved in cellular defense against free radicals (5) .
On the other hand, pathologically high levels of trace elements are also of importance: Morbus Wilson is characterized by abnormally high concentrations of Cu in the liver and hemochromatosis by accumulation of Fe in several tissues. Several trace elements have been documented as being involved in blood pressure control (hypertension: Cd, Cr deficiency, Mg, etc.) (6) .
Some trace elements may lead to intoxications in humans and animals if ingested in high concentrations, such as cadmium, thalium, lead, zinc, selenium, and copper.
With the advent of newer technologies like inductively coupled plasmamass spectrometry (ICP-MS) several of the medically interesting elements can now be quantitated precisely and accurately simultaneously. It was the goal of the present article to establish reference ranges of several trace elements using a simple procedure for the preparation of serum samples that allows the simultaneous measurement of different elements by ICP-MS.
MATERIAL AND METHODS

Sample Preparation and Reagents
One hundred ten native blood samples were collected from humans of different ages and both sexes directly into vacutainer trace elements The serum samples where diluted 1 to 10 with 10% acetic acid with 0.1% Triton X-100, and rhodium and germanium were added as internal standards to correct the matrix-induced ion signal fluctuations and instrumental drifts (20 µg/L).
Standard and Reference Sera
Freeze-dried reference sera, normal and elevated level, from UTAK Laboratories Inc. (Valencia, CA, USA) and Seronorm (Nycomed Pharma, Oslo, Norway) were used for method validation. Deionized water (18 M⍀/cm 2 ) was prepared by Elgastat Maxima (Elga Ltd., Wycombe, Bucks, UK) and was used for sample dilution and standard preparation. Acetic acid (Microselect, Art. # 45726, Fluka AG, Buchs, Switzerland) was used to acidify standards and samples. Merck ICP-MS multielement standard solution (Merck VI, Darmstadt, Germany) served as the external calibration. Rhodium and germanium (1000 µg/mL in 20% HCl (Johnson Matthey GmbH, Karlsruhe, Germany) were the internal standards throughout all measurements. Additionally, for standard additions arsenic plasma standard solution (Art. # 013836), Boron ICP standard solution in 1% NH4OH (Art. # 22802), copper ICP standard solution in 5% HNO 3 (Art. # 22808), beryllium ICP standard solution in 5% HNO 3 (Art. # 13848) (Specpure, Alfa Aesat, Johnson Matthey GmbH, Karlsruhe, Germany), and lithium atomic spectroscopy standard solution (Art. # 62373) (Fluka, Buchs, Switzerland). Triton X-100 (Sigma, Art. # 90002-93-1) was added as a detergent to all measured solutions at a concentration of 0.1‰ v/v. For sample preparation, 13-mL polypropylene tubes with screw caps were used (Sarstedt AG, Sevelen, Switzerland, Article # 46.390.001). Before use, they were cleaned with citric acid (Merck KGaA, Darmstadt, Germany, Art. # 1.00244.1000) at pH 2 and then with Extran (sodium hydroxide solution) at pH 10 (MA 01 alcaline; Art. # 1.07555, Merck KGaA, Darmstadt, Germany) and then rinsed with deionized water (18 M⍀/cm 2 ).
Instrumentation and Conditions of Measurement
The ICP-MS measurements were done using a Varian UltraMass™ ICP-MS system (Varian Optical Spectroscopy Instruments, Melbourne, Australia). The plasma source was 99.998% argon (Carbagas, Bern, Switzerland).
The following elements (nuclide used) were measured with the ICP-MS: Al (27) , As (75), B (11), Be (9), Cd (111), Co (59), Cu (65), Fe (57), Li (7), Mn (55), Mo (95), Ni (60), Rb (85), Se (77/82), Sr (88), and Zn (66).
Acetic acid as a carbon source at the optimum concentration of 10% v/v was used for matrix matching for all elements measured: the calibration, matrix matching, and instrument conditions as described in refs. 7and 8.
Statistical Analysis
All data were statistically evaluated using the Microsoft Excel computer program with the statistics add-in Astute (DDU Software, The University of Leeds, Old Medical School, Leeds, UK). The box-and-whiskers plots were used to define the 5%, 50%, and 95% quantiles for the different elements (9) . The correlation between the atomic absorption and the ICP-MS methods was studied by a regression analysis according to Pearson and Harley (10) .To determine whether or not the element studied is normally distributed in the population, the data were analyzed by normal probability plotting (11, 12) . The skewness and kurtosis coefficients and their significance levels of 0.01 (13) are summarized in Table 7 . For the comparison of the median values of the copper in males and females, the Wilcoxon-Mann-Whitney U-test was used (14) .
RESULTS
Calibration
The calibration was performed using a blank and four standard concentrations (0, 2, 5, 10, and 20 µg/L) for each element measured.
Linearity
The linear range for the elements tested was determined using a porcine serum sample that was spiked with 500 µg/L of the elements Al, Cd, Co, Cu, Li, Mn, Mo, Ni, Rb, and Sr and with 5000 µg/L of the elements As, B, Be, Fe, Se, and Zn. The spiked sera were diluted using the identical nonspiked serum sample. For all elements, the measurements were highly linear up to the 500 and 5000 µg/L spiked value, respectively (data not shown).
Accuracy and Precision
The accuracy (validation) of methods was determined by means of the analysis of three control reference sera (UTAK, normal and elevated level; Nycomed, Seronorm). The results are shown in Tables 1-3 . The precisions are displayed as CVs (coefficients of variation). In addition, the concentration of the elements Al and Se was also determined by graphite furnace-atomic absorption spectrometry (GF-AAS) and flame atomic absorption spectrometry (FL-AAS) for Cu and Zn. The correlation of results obtained by ICP-MS and AAS were calculated. A typical linear
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Forrer, Gautschi, and Lutz relationship correlation is shown in Fig. 1 for Zn. There was generally a close correlation between the two methods with coefficients between 0.96 and 0.99. The accuracy of the method for the analysis of manganese, arsenic, cobalt, nickel, molybdenum, and cadmium was performed using the method of standard addition. The recovery of the standard added to each determined element was 98 ± 16%. The precision within series and from day to day, the standard deviations, and the limits of detection are summarized in Table 4 . The limit of detection is defined as the mean value of the blank increased by three standard of deviations.
Reference Ranges
The reference ranges for the 16 elements studied are summarized in Table 5 . For copper, it was found that the reference values for males and females differed significantly (p < 0.0014, Wilcoxon-Mann-Whitney U test). Therefore, the ranges for both males and females are given separately. In Table 6 reference ranges published by different research groups (15) (16) (17) (18) (19) are compiled. In Table 7 , the type of distribution for the different elements in the population is given.
Reference Ranges for Trace Elements in Serum 81
DISCUSSION
The ICP-MS technology is a very elegant procedure for assessing various elements simultaneously. The simultaneous measurement of different analytes allows for one sample preparation; at the same time, the probability of cross-contamination is minimal. The elaboration of assay conditions for the 16 elements described in this report proved to be cumbersome and time-consuming. However, after all conditions had been established, measurements became very efficient: on average, 20 samples of each of the 16 analytes can be measured per hour without the need for extended sample preparation.
The major problems with this method arise from background interferences originating from plasma gases, gases entrapped in the plasma, or traces originating from the sample solvent. In addition, spectral interferences by other elements and several isotopic combinations may be a disadvantage. The system has to be adjusted to minimize the formation of polyatomics, oxides, and doubly-charged ions. Hsiung et al. describe the major interferences in biological samples (20) . In the present study, the accuracy for the different elements was determined by analyzing reference control sera, by comparison of ICP-MS results with those obtained by flame-AAS and GF-AAS and, in some cases, by spiking of samples with known amounts of pure elements. The accuracy observed was found to be quite satisfactory. Seven elements detected in reference control sera fell well within the acceptable range provided by the manufacturer (Tables 1-3) ; the accuracy for the remaining five elements was demonstrated by standard addition methodology. The precision (CV) found for within-series conditions on average was 1.70% with a maximum CV for B of 4.67%. As expected, the day-to-day precision was somewhat lower. To compare the reference ranges determined in the present study in human sera with those found by other authors is difficult. There is a lack of coherence in the levels of trace elements found by various laboratories. One possible explanation for the different ranges of trace elements comes from the fact that with higher analytical sensitivity, the presence of contaminants becomes increasingly important. This is especially the case with elements that are physiologically present at very low concentrations, such as chromium, manganese, nickel, vanadium, and aluminum. Contamination by extraneous metals originating from the environment is particularly important in the case of aluminum, chromium, and
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Biological 1) The ranges are given as mean ± SD. 2) To display the actual distribution-in the form of the 5th, 50th, and 95th percentile.
3) n = 39. 4) n = 71. Table 6 Comparison of the Ranges Established in This Work with Values in the Literature 1) Concentration in µg/L.
2)
Different methods of determination. 3) Method: AAS.
4)
Method: ICP-MS. Table 7 Type of Distribution of the Different Elements in the Population manganese, which are common contaminants of airborne dust and the devices used (21) (22) (23) (24) . In view of this, sampling conditions become crucial for the correct measurement of trace elements. Important items for correct sample collection are (I) use of the correct tubes and/or correct decontamination methods of containers, (II) sampling equipment (needles and catheters, syringes, anticoagulants, centrifuges, and decantation), and (III) purity of the reagents. In their article, Pineau et al. describe the possibilities for avoiding contaminations from collection, handling, and preparation of the sample under general conditions of a clean laboratory (23) . Another important aspect for correct measurement is the selection of the appropriate material (e.g., serum vs plasma vs whole blood vs biopsies). Another explanation for discrepant reference ranges may reside in the use of different measurement principles. Even if the accurancy of two methods is identical when normal sera are tested, differences may be found as a result of different matrix effects such as variation in the protein concentration. A further explanation for differences in reference ranges may be found in different statistical procedures used by the authors. Unfortunately, many of the elements are not normally distributed, as shown in this study. In many articles, the reference ranges for each analyte are given as means ± SD as the observed range without specification (15, 16, 25, 26) . Ranges determined by this approach are only correct if the analyte studied is normally distributed. By calculating the 5th and 95th quantiles using the box-and-whiskers plot technique, correct reference ranges can be calculated independent of the type of distribution (9) .
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There are a few specific possibilities of matrix effects that may interfere with ICP-MS methods. Vandecasteele et al. (27) and other authors discussed that the results obtained for elements with masses < 82 are, in general, unsatisfactory. The explanation given for this observation was the limited resolution of the quadrupole mass spectrometers used for ICP-MS. A number of spectroscopic interferences have been reported (28) . In elements with masses of less than 82, interferences are the result of the formation of polyatomics in the quadrupole caused by isotopes of elements other than the analytes or by polyatomic species with the same nominal m/z value as the analyte isotope (27, 29) . The authors stated that, without special sample pretreatment (in order to remove or reduce sources of polyatomic interferences) and using conventional pneumatic nebulization for sample introduction, the determination of Al, As, Cr, Mn, Ni, and Se in serum can not be correctly calculated, as the apparent concentrations significantly exceed the real concentrations. The combination of chlorine introduced via the sample with argon from the plasma can give rise to the formation of polyatomic ions, which might interfere with the measurement of selenium isotopes (7) . Furthermore, the introduction of carbon-derived polyatomics present in the sample are known to lead to an increased background in the measurement of the element with a m/z < 82 (30) . The addition of carbon (as methanol, propan-2-ol, glycerol, and others) in combination with increased plasma power input enhances the signal-to-noise ratio for elements with a m/z < 82 in inductively coupled plasma-mass spectrometry (7, 8) . The addition of an optimal concentration of carbon causes an increase in the formation of CCl + , which is assumed to compete with the formation of ArCl + and thereby causes a reduced signal for this type of interferences.
In ICP-MS, the method of standard addition is primarily used to overcome matrix-induced signal enhancement or suppression, but this method is impractical for the analysis of samples with a limited sample volume as is usually the case with clinical sample material. External calibration with matrix matching of the blank and the external calibration solution for the organic matter is the method of choice for overcoming matrix-induced effects on signal intensities. The addition of acetic acid with a concentration optimum of 10% (v/v) used for matrix matching in clinical samples was found to lead to signal enhancement for high electron volt elements such as Se and As (8) .
With respect to the correct measurement of different elements by ICP-MS, the following comments can be made. Aluminum has to be measured shortly after dilution. Otherwise, an increase of the Al signal was seen. Probably Al is released from the plastic container and/or contamination of the control sera from the pipet tips. Our values are in agreement with those of Caroli et al. (15) . In this study, no As was detected in the sera of healthy donors. However, elevated levels present in serum would have been detected, as can be concluded from samples spiked with 1000 µg/L and diluted down to 3 µg/L As (data not shown). Boron is important for optimal calcium and, thus, bone metabolism (31) . The boron concentration ranges in serum found in this study are higher than the values published elsewhere (15, 32) . The interpretation of the concentrations of boron has to be made very carefully because the tailing effect of the adjacent 12 C mass peak which can lead to higher values, and, on the other hand, it has to be considered that the measurements were made with a glass torch and contamination of boron from this glass is possible. Also, it is to be considered that the PVC transfer tubing (tubing from the spray chamber to the torch) tends to readily hold onto boron, producing very long rinse times and reduced signal (carryover from one sample to the next). Beryllium was not detected under the measurement conditions in the sera of healthy donors described here. With the addition of pure Be to porcine serum with a low level of this element, it could be shown that levels up to 2 µg/L would have been detected (data not shown). The Cd level is increased in smokers, as tobacco is rich in Cd (33, 34) . In this study, we did not record whether blood donors were smokers. The values found in our study are comparable to the values described by Minoia et al. (16) and Caroli et al. (15) . The values mentioned for cobalt by Caroli et al. and Minoia et al. are higher than the values found in this study (15) . The tendency to higher values for female subjects are confirmed by Underwood (35) . These authors showed that
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the Cu values increased during pregnancy and when oral contraceptives were taken. Iron, like chromium, is one of the most difficult elements to determine with ICP-MS. Many interferences have to be considered when Fe is analyzed. In addition, Fe is ubiquitous in the laboratory, which may lead to exogenous contaminations. Even purified water used for dilutions contains this element in small amounts and has to be considered in the blank. The iron determination in serum with ICP-MS is the total iron. This includes the transferrin iron and the hemoglobin iron, whereas the photometric method measures only the transferrin iron. The reference values for Fe determined in this study with ICP-MS are somewhat higher than those published elsewhere (15) . Vanhoe and coworkers (45) mentioned the difficulties for the determination of iron because for all four isotopes significant interferences occur. As in the case of Cu, the total protein concentration plays an important role for interferences because of the variable content of carbon. Lithium plays an important role in the medical field as a treatment for manic depressive illnesses. The doses required for effective therapy are relatively high and may be close to the levels at which the element becomes toxic. The results for that element have to be interpreted with the proviso that it is known that Li in solution has a strong affinity to glass and plastic surfaces, and, therefore, memory effects are an important consideration during an analytical run (36) . Therefore, our values may by slightly higher than the true values of Li present in the samples. The reference ranges for manganese established in this study agree with the values found by Caroli et al. (15) . The ranges for molybdenum described here are slightly higher than the published values (15, 37) . Nickel seems to be related with vitamin B 12 and methionin metabolism (31) . Our values ranging from 2.98 to 7.34 µg/L are much higher than the ranges indicated by Caroli et al. and Minoia et al. No firm explanation can be offered for this discrepancy. The interpretation of the results have to be made carefully because in the equipment used, the sampler and skimer cones are manufactured using Ni. The reference range for rubidium determined in this study is similar to those described by Woittiez (38) . The selenium reference values determined in this study were found to be higher than those established earlier by GF-AAS (17) . It is related to their content in the diet, as described by Sieber et al. (39) . The range established corresponds to that described by different authors (17) (18) (19) 40, 41) and others. Strontium could adversely affect bone metabolism (42) , but it should also be remembered that it has even been proposed as an effective agent against osteoporosis (43) . The ranges of Sr in this study are more extended than that found by other authors (25, 34) . For zinc, we found an excellent correlation with the FL-AAS method. The Zn levels are subject to strong variations caused by stress, medication, fasting, or pregnancy (44) . The reference range found in this study corresponds to that mentioned in the literature (15) .
